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Polycomb group (PcG) complexes such as PRC1
mediate transcriptional repression. Here, we show
that the plant-specific EMBRYONIC FLOWER1
(EMF1), LIKE HETEROCHROMATIN PROTEIN1, and
a histone H3 lysine-4 demethylase form a distinct
PcG complex, termed EMF1c, that plays PRC1-like
roles and is crucial for regulation of the florigen
gene FLOWERING LOCUS T (FT) in Arabidopsis.
Long-day photoperiods promote FT expression
activation in leaf veins specifically at dusk through
the photoperiod pathway to induce Arabidopsis
flowering. We found that before dusk and at night,
a vascular EMF1c directly represses FT expres-
sion to prevent photoperiod-independent flowering,
whereas at dusk EMF1 binding to FT chromatin is
disrupted by the photoperiod pathway, leading to
proper FT activation. Furthermore, a MADS-domain
transcription factor and potent floral repressor binds
EMF1 to repress FT expression. Our study reveals
that the vascular EMF1c integrates inputs from
several flowering-regulatory pathways to synchro-
nize flowering time to environmental cues.
INTRODUCTION
Polycomb group (PcG) proteins, first identified in Drosophila
melanogaster, play a crucial role in developmental gene regula-
tion in higher eukaryotes. PcGproteins assemble into chromatin-
modification complexes to mediate transcriptional repression.
There are two main families of PcG complexes: Polycomb
repressive complex 1 (PRC1) and Polycomb repressive complex
2 (PRC2). PRC2 catalyzes repressive histone H3 lysine-27 trime-
thylation (H3K27me3), whereas PRC1 functions to maintain
H3K27me3, deposit histone H2A monoubiquitination (H2Aub),
and/or compact chromatin to inhibit transcription (Simon and
Kingston, 2009). Diverse PRC1 complexes have been identified
in animals. There are two central PRC1 members in Drosophila,
composed of Polycomb (PC), Polyhomeotic (PH), Posterior sex
combs (PSC), Sex combs extra (SCE/RING), and/or the histone
demethylase KDM2 (Simon and Kingston, 2009; Gao et al.,Develo2012). PC binds to andmaintains H3K27me3 in target chromatin,
whereas the ring-finger proteins RING andPSC form an E3 ligase
subcomplex for H2Aub.
Plants lack apparent homologs ofmost animal PRC1 subunits,
and only distant relatives of RING and PSC (known as RING1 and
BMI1, respectively, in mammals) have been identified in the
eudicot Arabidopsis thaliana. AtRING1s and AtBMI1s, like their
counterparts in animals, function as E3 ligases to catalyze
H2Aub (Bratzel et al., 2010; Chen et al., 2010). As other core
animal PRC1 subunits such as PC, PH, and KDM2 are missing
from plant genomes, it remains unclear whether PRC1-like
complexes exist in plants. Recent studies suggested that the
chromodomain protein LIKE HETEROCHROMATIN PROTEIN1
(LHP1) plays a PC-like role in Arabidopsis, namely, recognizing
the repressive H3K27me3 to maintain it in PcG target loci (Turck
et al., 2007; Zhang et al., 2007). This is a divergence from the
animal HP1 function of binding to methylated histone H3
lysine-9 in heterochromatin (Turck et al., 2007). In addition, the
plant-specific protein EMF1 has been implicated in chromatin
compaction, a key function of the animal PRC1s (Beh et al.,
2012; Calonje et al., 2008). EMF1 is essential for vegetative
development, and emf1mutants germinate directly into a termi-
nal pistil. A recent genome-wide analysis of EMF1 targets
revealed that it cooperates with PRC2 complexes to repress
thousands of genes in Arabidopsis (Kim et al., 2012). Although
EMF1 is known to be involved in PcG-mediated transcriptional
silencing in plants, its molecular role remains elusive.
The timing of the developmental transition from vegetative
growth to reproductive development, i.e., flowering, is crucial
for reproductive success in higher plants. In many species, flow-
ering is timed by the seasonal cue day length or photoperiod
through the photoperiod pathway. Day-length changes are
perceived in the leaf, leading to the production of a systemic
signal in the leaf veins, termed florigen (‘‘flowering hormone’’),
that is transported to the shoot apical meristem to promote flow-
ering. The Arabidopsis FT and FT homologs in other species are
the major component of florigen (reviewed in Turck et al., 2008).
Arabidopsis is a facultative long-day plant and flowers rapidly
in response to inductive long days (LDs). The photoperiod-
pathway output CONSTANS (CO) acts to promote FT expres-
sion, whereas LHP1 and FLOWERING LOCUS C (FLC), a potent
floral repressor, function to repress FT expression in Arabidopsis
(Helliwell et al., 2006; Searle et al., 2006; Takada and Goto,
2003). FLC is a convergent point of several flowering-regulatory
pathways, and its expression is upregulated by FRIGIDA (FRI)pmental Cell 28, 727–736, March 31, 2014 ª2014 Elsevier Inc. 727
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autonomous-pathway genes in the absence of FRI function
(reviewed in Kim et al., 2009). To date, the molecular mechanism
underlying FLC-mediated FT repression is unknown.
Under inductive LDs, the coincidence of light exposure with
high CO mRNA expression in the late afternoon, set by the
circadian clock, leads to accumulation of the CO protein toward
dusk, as daylight prevents rapid CO degradation (reviewed in
Turck et al., 2008). CO is expressed in leaf veins and functions
to promote activation of FT expression specifically in the phloem
and at the end of LDs, and thus promote flowering (Valverde
et al., 2004). To date, how CO promotes FT expression at
dusk, and how FT is repressed before dusk and at night remain
elusive.
Here, we show that EMF1, LHP1, and a trimethyl histone H3
lysine-4 (H3K4) demethylase coassociate in vivo to form a PcG
complex that plays PRC1-like roles to mediate gene silencing
in Arabidopsis. We found that in leaf veins, this complex
(EMF1c) directly represses FT expression before the end of
LDs and at night, and that in response to inductive LDs, the
CO accumulation at dusk antagonizes EMF1 (EMF1c) binding
to FT chromatin to promote FT transcriptional activation and
thus the onset of flowering.
RESULTS
EMF1 Forms a Nuclear Complex with LHP1
Unlike animal HP1s, LHP1 recognizes and binds to H3K27me3 in
plants (Turck et al., 2007; Zhang et al., 2007). We reasoned that
LHP1might associate with a plant-specific factor to implement a
PC-like role. Using a candidate-gene approach, we found that
LHP1 directly interacted with the plant-specific EMF1 in yeast
cells (Figure 1A). EMF1 is found in angiosperms, but not in
moss, and contains four conserved motifs/domains, including
a 22 aa N-terminal domain, an 18 aa middle domain, the LLxL
motif (Calonje et al., 2008), and a 21 aa C-terminal domain (Fig-
ure S1A available online). We explored which EMF1 region(s)
could interact with LHP1, and found that a 49 aa N-terminal
(EMF11-49) region with the N-terminal domain, and a 128 aa
middle region (EMF1618-745) containing the 18 aa middle domain
directly interacted with LHP1 in yeast (Figure S1B). LHP1
consists of two functional domains: the H3K27me3-binding
chromodomain (CD) and a chromoshadow domain (CSD) (Zhang
et al., 2007). We found that CSD, but not CD, interacted with
EMF11-49 and EMF1618-745 (Figures 1B and S1C). Next, we con-
ducted a protein pull-down assay using recombinant EMF11-49
and EMF1618-745 fragments tagged with glutathione S-trans-
ferase (GST). These fragments were subsequently found to be
able to pull down LHP1 from total protein extracts of the lhp1
seedlings expressing a functional LHP1 protein tagged with the
hemagglutinin (HA) epitope (Turck et al., 2007; Figure 1C), con-
firming their direct interactions with LHP1.
To investigate where LHP1 and EMF1 could interact in plant
cells, we performed bimolecular fluorescence complementation
(BiFC) analysis using a nonfluorescent N-terminal enhanced
yellow fluorescent protein (EYFP) fused to the full-length
LHP1, and a nonfluorescent C-terminal EYFP fused to the full-
length EMF1. Upon simultaneous expression of nEYFP:LHP1
and cEYFP:EMF1 in onion epidermal cells, fluorescence was728 Developmental Cell 28, 727–736, March 31, 2014 ª2014 Elsevierobserved only in nuclei (Figure 1D), reflecting their physical
association in the nuclei. Hence, LHP1 and EMF1 form a nuclear
complex, consistent with their functions as transcriptional re-
pressors. Next, we conducted coimmunoprecipitations (coIPs)
to confirm that EMF1 forms a complex with LHP1 in Arabidop-
sis. First, we crossed the LHP1:HA-expressing line to a trans-
genic line expressing a fully functional EMF1 tagged with
FLAG (Calonje et al., 2008; data not shown). Using the resulting
F1 seedlings, we found that indeed anti-FLAG (which recognizes
EMF1:FLAG) immunoprecipitated LHP1:HA from the seedling
(Figure 1E).
Previous mapping of LHP1-binding regions on chromosome 4
(Chr 4) in Arabidopsis seedlings uncovered 572 genes enriched
with LHP1 using chromatin immunoprecipitation (ChIP) coupled
with tiling microarrays (ChIP-chip) (Turck et al., 2007), and a
recent genome-wide analysis of EMF1-binding sites in seedlings
by ChIP-chip revealed that there are 919 genes bound by EMF1
on Chr 4 (Kim et al., 2012). Using these two data sets, we deter-
mined a significant overlap between LHP1- and EMF1-bound
genes: 44% of the LHP1-bound loci (252 out of 572) are also
bound by EMF1 (p < 2.2 3 1016; Fisher’s exact test), which is
consistent with LHP1 and EMF1 forming a nuclear complex to
regulate gene expression in Arabidopsis. Of note, the common
targets of LHP1 and EMF1 bear high levels of H3K27me3
(Figure S1D).
The Trimethyl-H3K4 Demethylase PKDM7B/JMJ14
Forms a Complex with LHP1 and EMF1
Recent genome-wide studies revealed that in Arabidopsis,
H3K27me3-bearing loci often carry dimethylated H3K4
(H3K4me2), whereas H3K4me3 is depleted in these loci (Zhang
et al., 2009). This is in contrast to the situation in mammalian
embryonic stem cells, in which H3K27me3 is coupled with
H3K4me3 to form bivalent chromatin in developmental genes
(Bernstein et al., 2006). We reasoned that a plant PcG complex
might contain an H3K4me3 demethylase to remove H3K4me3
at its target loci; therefore, we explored whether EMF1 and
LHP1 could associate with such a demethylase. Previous
studies revealed a JmjC domain-containing H3K4me3 demethy-
lase subfamily known as PKDM7 that bears a plant-specific
domain architecture (Zhou and Ma, 2008), and three members
of this subfamily—PKDM7B/JMJ14, PKDM7C/JMJ15, and
JMJ18—were shown to specifically demethylate H3K4me3 in
Arabidopsis (Jeong et al., 2009; Lu et al., 2010; Yang et al.,
2012). Using the yeast-two-hybrid approach, we found that
EMF1 directly interacted with JMJ14, and further analysis re-
vealed that the middle region of EMF1 (EMF1618-745) interacted
with JMJ14 (Figures S2A and S2B). Next, we found that the re-
combinant GST:EMF1618-745 protein could pull down JMJ14:HA
from total protein extracts of a transgenic line expressing a partly
functional JMJ14:HA (Figures 2A and S2C), confirming that
EMF1618-745 directly associates with JMJ14. To verify that
JMJ14 and EMF1 form a complex in vivo, we performed coIPs
using the F1 seedlings from a cross of the JMJ14:HA line to
the EMF1:FLAG line. Indeed, anti-FLAG (which recognizes
EMF1:FLAG) immunoprecipitated JMJ14:HA from the seedlings
(Figure 2B). Collectively, these data show that EMF1 and JMJ14
are part of a complex in Arabidopsis. In addition, we found that
the PKDM7 subfamily members JMJ15 and JMJ18 also directlyInc.
Figure 1. EMF1 Forms a Nuclear Complex with LHP1
(A) EMF1 directly interacted with LHP1 in yeast cells. Full-length EMF1 and LHP1 were fused with the GAL4-BD and AD domain, respectively. Yeast cells were
grown on stringent selective synthetic defined (SD) media lacking Trp (W), Leu (L), His (H), and adenine (A), or nonselective SD media lacking W and L (control).
(B) The CSD domain of LHP1 directly interacted with the N terminus and the middle region of EMF1 in yeast cells. LHP1-CSD was fused to GAL4-AD, whereas
EMF11-49 and EMF1618-745 were fused to the BD domain.
(C) Protein pull-down assays. Total proteins extracted fromCol (WT) and LHP1:HA-expressing seedlings were incubated with GST:EMF11-49 or GST:EMF1618-745
bound by glutathione-linked resins. Proteins associated with the resins were analyzed by western blotting with anti-HA.
(D) BiFC analysis of the physical association of LHP1 with EMF1 in onion epidermal cells. Plasmid pairs, as indicated, were bombarded into the epidermal cells.
Nuclei are indicated by the blue fluorescence from DAPI staining. Scale bars, 20 mm.
(E) CoIP assay of EMF1 with LHP1 in Arabidopsis seedlings. EMF1:FLAG was immunoprecipitated from the F1 seedlings of doubly hemizygous LHP1:HA (p35S-
LHP1:HA) and EMF1:FLAG (pEMF1-EMF1:FLAG) with anti-FLAG affinity gels, and the precipitates were analyzed by western blotting with anti-HA or anti-FLAG.
LHP1:HA-expressing seedlings served as control.
See also Figure S1.
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Photoperiodic Control of Flowering by EMF1cinteracted with EMF1 via its middle region (Figure S2B), suggest-
ing that these H3K4me3 demethylases can form complexes with
EMF1 as well.DeveloLHP1, as demonstrated above, is part of a complex with
EMF1. We therefore investigated whether JMJ14 could be part
of a complex with LHP1. In the coIP assays with the F1 seedlingspmental Cell 28, 727–736, March 31, 2014 ª2014 Elsevier Inc. 729
Figure 2. JMJ14/PKDM7B Directly Associates with LHP1, EMF1, and AtBMI1s
(A) Protein pull-down assay with GST:EMF1618-745. Total proteins extracted fromWT and JMJ14:HA-expressing seedlings were incubated with GST:EMF1618-745
bound by glutathione-linked resins. Proteins associated with the resins were analyzed by western blotting with anti-HA.
(B andC) CoIPs of JMJ14with EMF1 (B) or LHP1 (C) inArabidopsis seedlings. Total proteins extracted from the F1 seedlings of doubly hemizygous JMJ14:HA and
EMF1:FLAG, or JMJ14:HA and LHP1:FLAG, were subjected to immunoprecipitation with anti-FLAG affinity gels, followed by western blotting analysis of the
precipitates with anti-HA or anti-FLAG.
(D) JMJ14 directly interacted with AtBMI1a and AtBMI1b in yeast cells. Full-length JMJ14, AtBMI1a, and AtBMI1b were fused with GAL4-BD/AD. Yeast cells were
grown on selective SD media lacking W, L, and H.
(E) Protein pull-down assaywith GST:BMI1a. Total proteins extracted fromWT and JMJ14:HA-expressing seedlings were incubated with GST:AtBMI1a bound by
glutathione-linked resins.
See also Figure S2.
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a functional LHP1:FLAG (Figure S2C), we found that anti-FLAG
immunoprecipitated JMJ14 from the seedlings (Figure 2C).
Thus, JMJ14 is part of a complex not only with EMF1 but also
with LHP1, consistent with the notion that these proteins are
part of a nuclear complex.
Previous in vitro protein pull-down assays showed that LHP1
can associate with the ring-finger E3 ligases AtRING1s and
AtBMI1s, relatives of the animal PRC1 subunits RING1 and
BMI1, respectively (Bratzel et al., 2010; Xu and Shen, 2008).
We found that both AtBMI1a and AtBMI1b directly interacted
with JMJ14 in yeast cells (Figure 2D). Next, we found that the
recombinant GST:BMI1a protein could pull down JMJ14 from
the JMJ14:HA-expressing seedlings (Figure 2E). Together, these730 Developmental Cell 28, 727–736, March 31, 2014 ª2014 Elsevierresults show that JMJ14, like LHP1, can directly associate with
AtBMI1s.
In short, the biochemical work presented thus far shows that
the plant-specific EMF1, JMJ14, and LHP1 associate with
each other in Arabidopsis, and that JMJ14 directly interacts
with AtBMI1s. These observations, along with the previous
finding that AtRING1s associate with AtBMI1s and LHP1, sug-
gest that EMF1, LHP1, JMJ14, an AtBMI1, and an AtRING1
together form a plant-specific PcG complex.
Vasculature-Specific Suppression of EMF1 Expression
Causes Photoperiod-Independent Early Flowering
In emf1 mutants, vegetative growth is bypassed, which was
previously attributed to the EMF1-mediated suppression ofInc.
Figure 3. Vascular EMF1 Represses FT
Expression to Prevent Photoperiod-Inde-
pendent Flowering
(A) Phenotypes of EMF1-RNAi lines (T3 homozy-
gotes) grown in LDs. Scale bars, 1 cm.
(B) Flowering times of EMF1-RNAi lines. The time
was measured by the number of leaves produced
from the primary meristem of a plant prior to
flowering; 15–24 plants for each line were scored.
Bars indicate SD.
(C and D) Flowering times of the indicated lines
grown in LDs; 18–24 plants for each line were
scored. Bars indicate SD.
(E) FT mRNA levels in the indicated seedlings
over a 24 hr LD cycle. The FT transcript levels
were normalized to the constitutively expressed
TUBULIN2 (TUB2); bars indicate the SD of three
measurements. One of the two biological repeats
with nearly identical results is shown.
(F) Spatial expression patterns of pFT-GUS and
pEMF1-EMF1:GUS. LD-grown pFT-GUS and
pEMF1-EMF1:GUS seedlings were stained for 2 hr
and 8 hr, respectively. X and P indicate the xylem
and phloem, respectively, of a petiole vascular
bundle (transverse section).
See also Figure S3.
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Photoperiodic Control of Flowering by EMF1cflower-formation genes during vegetative growth (Kim et al.,
2012). We asked whether EMF1 maintains vegetative growth by
repressing the floral transition. Theflorigenprotein FTplaysa cen-
tral role in promoting flowering, and the leaf vein is the site where
various flowering-regulatory genes converge to regulate FT
mRNA expression (Turck et al., 2008). Therefore, we explored a
double-stranded RNA interference (dsRNAi) approach to knock
down EMF1 expression specifically in leaf veins using the
phloem-specific promoter of AtSUC2 (SUCROSE TRANS-
PORTER 2) (Figure S3B; Truernit and Sauer, 1995). To that end,
we constructed four AtSUC2-dsRNAi cassettes against EMF1
exonic regions and one against an intronic region as a negative
control (Figure S3C; note that EMF1-specific regions were usedDevelopmental Cell 28, 727–73for the dsRNAi constructions). These con-
structs were introduced into the wild-type
Col (WT) via transformation. EMF1 knock-
down in leaf veins frequently gave rise to a
moderate phenotype (relative toemf1; see
Calonje et al., 2008), namely, early flower-
ing with upward-curled leaves (Figures 3A
and S3A). We found that 40%–75%of the
T1 lines harboring one of the four exonic
EMF1-RNAis displayed the moderate
phenotype, whereas all T1 lines of the in-
tronic EMF1-RNAi were normal (Fig-
ure S3C), suggesting that EMF1 expres-
sion was posttranscriptionally knocked
down by the exonic EMF1-RNAis in leaf
veins. In addition, a small number of the
EMF1-RNAi T1 plants exhibited a strong
phenotype, namely, small rosette and
rapid flowering,most likely due to a severe
EMF1 knockdown (Figure S3A).We next chose three single-locus homozygous EMF1-RNAi
lines with themoderate phenotype for further analysis. The levels
of EMF1 protein were reduced in all three lines (Figure S3D).
When grown in LDs (16 hr light/8 hr dark), these RNAi lines flow-
eredmuch earlier than the parental line Col. When grown in short
days (8 hr light/16 hr dark), these mutants flowered extremely
rapidly, as early as in LDs (Figure 3B). For instance, EMF1-
RNAi-1 flowered with 12 leaves on average in LDs, and with 13
leaves on average in short days, whereas Col flowered with 84
leaves on average in short days (Figure 3B). Thus, vascular
EMF1 knockdown causes photoperiod-independent early flow-
ering. We further introduced EMF1-RNAi-1 by crossing it into
mutants of the photoperiod-pathway, including gigantea (gi)6, March 31, 2014 ª2014 Elsevier Inc. 731
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Photoperiodic Control of Flowering by EMF1cand co (Turck et al., 2008), and found that the late-flowering phe-
notypes of both mutants were abolished by the vascular EMF1
knockdown (Figure 3C). Hence, EMF1 acts downstream of the
photoperiod pathway to regulate flowering, revealing a previ-
ously unsuspected role of EMF1 in the floral transition.
EMF1 Directly Represses FT Expression before Dusk
and at Night in LDs
Inductive LDs through the photoperiod pathway induces FT
expression specifically at dusk to promote flowering (Turck
et al., 2008). We reasoned that the photoperiod-independent
early flowering in EMF1-RNAi lines might be caused by ectopic
FT expression in the early/middle day or at night. To test this,
we first measured FT transcript levels in rosette leaves of
EMF1-RNAi lines in the middle of LDs (at zeitgeber time 8
[ZT8], i.e., 8 hr after light on), and found that FT expression
was highly derepressed upon vascular EMF1 knockdown (Fig-
ure S3E). To further confirm that the early-flowering phenotype
of EMF1-RNAi lines are due to ectopic FT activation, we intro-
duced an ft mutation into EMF1-RNAi-3. The early-flowering
phenotype of this line was abolished by ft (Figure 3D). Taken
together, these results show that EMF1 represses FT ex-
pression, enabling the photoperiodic response of flowering in
Arabidopsis. Notably, ft EMF1-RNAi-3 flowered slightly later
than ft, largely due to a moderate increase of FLC expression
upon EMF1 knockdown (data not shown).
We further analyzed the spatial expression patterns of EMF1
and FT to confirm whether EMF1 indeed represses FT expres-
sion in leaf veins. A 7.7 kb genomic EMF1 fragment, including
a 2.6 kb promoter and the full-length coding region, was fused
in frame with the reporter gene b-GLUCURONIDASE (GUS).
EMF1 was highly expressed in leaf veins, and further analysis
showed that EMF1, like FT, was expressed in the phloem (Fig-
ure 3F). Next, we examined whether FT is specifically expressed
in leaf veins upon EMF1 knockdown. EMF1-RNAi-1was crossed
to an FT-GUS reporter line (Takada and Goto, 2003); indeed, FT-
GUS was derepressed specifically in leaf veins upon vascular
EMF1 knockdown (Figure 3F). Collectively, these data show
thatEMF1 acts in leaf veins to repress FT expression. EMF1 part-
ners including LHP1 and JMJ14/PKDM7B, function in leaf veins
to directly repress FT expression (Jeong et al., 2009; Takada and
Goto, 2003). In addition, like the EMF1-RNAi lines, the lhp1
mutant also displayed photoperiod-independent early flowering
(Takada and Goto, 2003). These findings, along with observation
that EMF1, LHP1, and JMJ14 are part of a PcG complex, sug-
gest that there is a vascular EMF1-PcG complex that acts down-
stream of the photoperiod pathway and controls FT expression
in the phloem.
We sought to determine the particular time in LDs when EMF1
mediates FT repression. FT transcript levels in the seedlings of
WT (Col), EMF1-RNAi-1, and EMF1-RNAi-2, in which the RNAi
cassetteswere expressed at comparable levels at different times
in LDs (Figure S3D), were measured every 4 hr over a 24 hr LD
cycle. In WT, the photoperiod-pathway output CO promotes FT
expression activation specifically at the end of LDs (Figure 3E).
Upon EMF1 knockdown, FT expression is highly derepressed
in the early day and at night (Figures 3E andS3F), and this ectopic
FT activation is largely independent ofCO (Figure 3E), consistent
with the day-length-independent, early-flowering phenotypes in732 Developmental Cell 28, 727–736, March 31, 2014 ª2014 ElsevierEMF1-RNAi lines. Furthermore, we found that the FT transcript
levels in the EMF1 knockdown lines over the 24 hr LD cycle
were higher than the FT level in WT at dusk (Figures 3E and
S3F). This shows that in response to the inductive LDs, FT
expression normally is not fully activated at dusk. Interestingly,
we observed that at ZT8, the FT transcript level was higher in
co EMF1-RNAi-1 compared with EMF1-RNAi-1 (Figure 3E), indi-
cating that COmay negatively regulate the expression of a pos-
itive FT regulator. Previously, CO was shown to moderately
repress the expression of a CO homolog, CO LIKE5 (COL5),
that promotes FT expression (Hassidim et al., 2009). We found
that at ZT8, COL5 expression was higher in co EMF1-RNAi-1
relative toEMF1-RNAi-1 (Figure S3G),whichmay largely account
for the higher FT expression in co EMF1-RNAi-1.
A previous study indicated that EMF1 may not act directly at
the FT locus (Kim et al., 2012). We further examined whether
EMF1 could bind to FT chromatin, and if so, at what time in
LDs. We conducted ChIP using EMF1:FLAG-expressing seed-
lings harvested at ZT8, ZT16, or ZT22. At ZT8, EMF1:FLAG
was strongly enriched on FT chromatin, including the promoter
and gene body, whereas at ZT16, EMF1:FLAG enrichment at
FT was reduced to a lower level. At ZT22 (night), the level of
EMF1:FLAG on FT chromatin increased compared with ZT16
(Figure 4A). Of note, the ChIP data shown here may greatly un-
derestimate the degree of EMF1 enrichment changes because
only a small fraction of the assayed cells expressed FT. In short,
EMF1 plays a critical role in FT repression before the end of LDs
and at night to prevent photoperiod-independent flowering.
EMF1c Is Required for the Maintenance of H3K27me3
on FT Chromatin
The EMF1 partner LHP1 recognizes and maintains H3K27me3.
Using ChIP, we explored whether EMF1 is involved in
H3K27me3maintenance at FT. The H3K27me3 state on FT chro-
matin in WT and EMF1-RNAi-1 seedlings in the middle of LDs
(ZT8) and at dusk (ZT16) was examined. Upon EMF1 knock-
down, the levels of H3K27me3 on FT chromatin in a distal pro-
moter region and gene body were reduced at ZT8 (Figure 4B);
hence, EMF1 is required for H3K27me3maintenance. Moreover,
in WT the levels of H3K27me3 were partially reduced at dusk
compared with those at ZT8 (Figure 4B), consistent with the
reduction in EMF1 binding to FT chromatin at dusk (Figure 4A).
The observed H3K27me3 reductions in the distal FT promoter
region are unlikely to be a consequence of active FT transcription
at dusk or upon EMF1 knockdown, because these occur in
an untranscribed region (1.6 kb upstream of the transcription
start site). These data led us to infer that EMF1c mediates
H3K27me3 maintenance on FT chromatin before dusk in LDs.
Interestingly, the H3K27me3 level at ZT16 was higher in the
WT than in EMF1-RNAi-1 (Figures 4B and S4B), suggesting
that inWT the H3K27me3 on FT chromatin at dusk is still partially
maintained by EMF1c to prevent FT ‘‘hyperactivation’’ and
hence precocious flowering in response to inductive LDs.
EMF1 Directly Interacts with the MADS-Domain
Transcription Factor FLC and Is Required for
FLC-Mediated FT Repression
Although they lack a DNA-binding protein, PcG complexes in
animals are often specifically recruited to a target locus (SimonInc.
(legend on next page)
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Photoperiodic Control of Flowering by EMF1cand Kingston, 2009). We sought to determine whether EMF1c’s
action at the FT locus involves any DNA-binding transcription
factors. Recently, it was shown that FLC and FLC-clade mem-
bers, such as FLOWERING LOCUS M (FLM), form complexes
that directly bind to the FT gene to repress its expression (Gu
et al., 2013). It was found that EMF1 directly interacted with
FLC and FLM in yeast cells (Figure S4C). We further performed
coIP using the F1 seedlings from crossing the EMF1:FLAG line
to a transgenic line expressing a functional FLM:HA (Gu et al.,
2013), or from crossing a functional EMF1:HA-expressing line
(data not shown) to a functional FLC:FLAG line (Helliwell et al.,
2006). Indeed, anti-FLAG and anti-HA immunoprecipitated
FLM:HA and FLC:FLAG, respectively, from the seedlings (Fig-
ure 4C). Thus, EMF1 (and presumably EMF1c) associates with
FLC and FLM in Arabidopsis. The association of FLC with
EMF1c is consistent with the fact that FLC is typically found
in multiple-protein megacomplexes in Arabidopsis (Helliwell
et al., 2006).
Next, we investigatedwhether EMF1 is required for FLC-medi-
ated FT repression. EMF1-RNAi-1 was introduced into FRI-Col
by genetic crossing of these two lines. In FRI-Col (in which a
functional FRI allele was introgressed into Col), FRI upregulates
FLC expression to a high level to repress FT expression, leading
to late flowering (Lee et al., 1994; Searle et al., 2006). Upon EMF1
knockdown, FLC-mediated FT repression in FRI-Col seedlings
at ZT8 was partly disrupted (Figure 4D). Together, these results
led us to infer that EMF1 (and presumably EMF1c) directly asso-
ciates with the FLC clade members at the FT locus and is
required for FLC-mediated FT repression and hence for floral
repression.
COActivity Antagonizes EMF1cBinding to FTChromatin
In inductive LDs, the CO protein accumulates at dusk, and
coincidently EMF1 binding to FT chromatin is disrupted at this
time. We reasoned that CO or CO activity antagonizes the
EMF1 binding. To test this, we first crossed the EMF1:FLAG
line to a line constitutively expressing CO driven by the viral
promoter 35S (Figure S4D), in which the CO protein ectopically
accumulated before dusk (Valverde et al., 2004). Next, using
the resulting F1 seedlings, we conducted ChIP and found that
in the middle of LDs (ZT8), the enrichment of EMF1 in a distalFigure 4. Analysis of FT Repression by EMF1 and Its Partners
(A) ChIP analysis of EMF1:FLAG enrichment at the FT locus. Immunoprecipitated
harvested at ZT8, ZT16, or ZT22 were quantified by qPCR and normalized to the
each examined FT region at each time point in the EMF1:FLAG line over Col (co
(B) ChIP analysis of the H3K27me3 state on FT chromatin in WT and EMF1-RNA
normalized to TUB8. The fold change of H3K27me3 of each examined region inWT
WT at ZT8. Bars indicate the SD of three measurements. A biological replicate o
(C) CoIPs of EMF1 with FLC or FLM in Arabidopsis seedlings. Total protein extra
FLM:HA and EMF1:FLAG, were subjected to respective immunoprecipitations w
(D) FT mRNA levels in the indicated lines grown in LDs (at ZT8). The transcript le
indicate the SD of triplicate measurements.
(E) ChIP analysis of EMF1:FLAG binding to FT chromatin upon ectopic CO exp
hemizygous EMF1:FLAG line, or doubly hemizygous EMF1:FLAG and p35S-CO (F
calculated as described in (A); bars indicate the SD of triplicate measurements. A
(F) ChIP analysis of AtBMI1b enrichment on FT chromatin at ZT8 of LDs. Seedling
fold enrichment of AtBMI1b:FLAG in each examined region over Col (control) is
(G) A working model for control of FT expression by the vascular EMF1c in respon
the broken line indicates disrupted repression.
See also Figure S4.
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protein ectopically accumulated throughout the daytime (Fig-
ure 4E). This loss of binding to the distal promoter suggests
that it is a prerequisite rather than a consequence of active FT
transcription. Thus, we conclude that upon its accumulation in
the phloem at dusk, CO acts to antagonize vascular EMF1c bind-
ing to FT chromatin, leading to FT activation at the end of LDs to
promote flowering.
DISCUSSION
Our results point to a model in which the FLC-clade transcription
factors expressed in leaf veins regulate FT expression (Gu et al.,
2013) by recruiting the vascular EMF1c to the FT locus. This
locus-specific recruitment may act in a cooperative fashion
with LHP1 binding toH3K27me3, resulting in binding cooperativ-
ity to ‘‘lock in’’ EMF1c on FT chromatin. These processes collec-
tively lead to FT repression before the end of LDs (Figure 4G). CO
protein accumulates toward dusk and binds directly to the FT
proximal promoter (as well as to distal promoter regions through
associations with NY-F transcription factors; Tiwari et al., 2010),
resulting in a reduction, but not an elimination, of EMF1 at FT.
This causes FT activation, but not hyperactivation, at dusk to
confer a proper flowering time in response to inductive LDs
(i.e., preventing precocious flowering). Indeed, the EMF1c func-
tions epistatically to CO (Figure 3E), providing a clear interpreta-
tion of previous results showing antagonism between LHP1 and
CO (Takada and Goto, 2003). At night, as CO is rapidly degraded
by proteasomes, EMF1c is enriched at FT again to silence FT
expression (Figure 4G).
The EMF1c complex (Figure 2) acts on chromatin (Figures 4A
and 4F; Jeong et al., 2009; Turck et al., 2007) to maintain
H3K27me3 and H2Aub (Bratzel et al., 2010), and is predicted
to compact chromatin—the key functions of animal PRC1.
Thus, it plays PRC1-like roles in plants. Recently, it was shown
that LHP1 can be copurified with PRC2 components from
Arabidopsis; however, other components of the EMF1c were
not detected in this context (Derkacheva et al., 2013). It thus
remains unclear whether PRC1-like and PRC2 complexes
work together in plants. Regardless, it is now becoming clear
that the vascular EMF1c uses PRC1-like activities to integrategenomic fragments from EMF1:FLAG-expressing seedlings grown in LDs and
endogenous control TUBULIN8 (TUB8). The fold enrichment of EMF1:FLAG in
ntrol) is shown. Bars indicate the SD of three biological replicates.
i-1 seedlings. The immunoprecipitated FT fragments were quantified and first
orEMF1-RNAi-1 at ZT8 or ZT16was obtained after further normalization to the
f this analysis is shown in Figure S4B.
cts from the F1 seedlings of doubly hemizygous EMF1:HA and FLC:FLAG, or
ith anti-HA or anti-FLAG affinity gels.
vels in seedlings were quantified by qRT-PCR and normalized to TUB2. Bars
ression. Total chromatin was extracted from the seedlings of Col (control), a
1), grown in LDs, and harvested at ZT8. The EMF1:FLAG fold enrichments were
biological repeat is presented as Figure S4E.
s expressing a functional AtBMI1b:FLAG (Figure S4F) were used for ChIP. The
shown. Bars indicate the SD of three biological replicates.
se to inductive LDs. Solid lines with bars indicate repression or disruption, and
Inc.
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Photoperiodic Control of Flowering by EMF1cinputs from the photoperiod pathway, as well as the pathways
that regulate the floral repressor FLC, to control FT expres-
sion and thus confer proper flowering in response to environ-
mental cues.
EXPERIMENTAL PROCEDURES
Plant Growth Conditions
Plants were grown in LDs (16 hr light/8 hr dark) or short days (8 hr light/16 hr
dark) under cool white fluorescent light at 22C.
Yeast Two-Hybrid Analysis
Yeast two-hybrid assays were conducted using the Matchmaker GAL4 Two-
Hybrid System 3 (Clontech) according to the manufacturer’s instructions.
Plasmid pairs were introduced into the yeast strain AH109, and yeast cells
were spotted on selective media for interaction detection.
CoIP
CoIP experiments were performed as described previously with minor modifi-
cations (Gu et al., 2013). Briefly, 10-day-old seedlings (0.5 g) expressing
EMF1:FLAG or EMF1:HA were first treated with 10 mM MG132 (Sigma) for
3 hr. Subsequently, total proteins were extracted and immunoprecipitated
with anti- FLAG or anti-HA M2 affinity gel (Sigma). The respective proteins in
the immunoprecipitates were detected by western blotting.
RNA Analysis by Quantitative PCR
From total RNAs, cDNA was reverse transcribed with oligo (dT). Quantitative
PCR (qPCR) was conducted using cDNAs on an ABI Prism 7900HT
sequence detection system as described previously (Gu et al., 2013). The
constitutively expressed TUB2 was used for normalization, and the ratio of
the transcript level of FT to that of TUB2 was calculated as 2DCt [DCT =
CT (FT)  CT (TUB2)].
ChIP
ChIP experiments were carried out using the Magna ChIP kit (Millipore)
according to the manufacturer’s instructions with minor modifications. Total
chromatin was extracted from 10- to 11-day-old seedlings grown in LDs,
and qPCR was conducted to measure the amounts of immunoprecipitated
genomic fragments of FT and the endogenous control TUB8.
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